Temporal lobe epilepsy is characterized by episodic paroxysmal electrical discharges (ictal activity) originating in mesial structures of the temporal lobe. These discharges consist of organized synchronous activity of mesial temporal neurons, particularly those of the hippocampus. This activity is seen as rhythmic medium to high amplitude slow waves or spike and slow wave discharges on the electroencephalogram (EEG). The ictal discharges (seizures) often spread to involve widespread regions of the ipsilateral then the contralateral cerebral hemispheres. These diffuse discharges often persist for approximately 1 to 5 minutes and are followed by a postictal pattern of asynchronous low amplitude slow waves in the EEG. It is a widely held view that seizures arise from mesial temporal structures because of damage to hippocampal circuitry. The characteristic circuit abnormalities include drop out of neurons, simplification of the dendritic tree (reduced synaptic input), sprouting of dentate granule cell axons (increasing the number of excitatory-excitatory feedback connections), and increase in glial cell elements (sclerosis). There is a concomitant loss in neurotransmitter receptors in the hippocampus. Physiologic studies in epileptogenic hippocampi have demonstrated loss of neuronal inhibition. It is generally believed that loss of inhibition is, at least in part, responsible for the occurrence of epileptic seizures. The central questions as to why seizures occur intermittently, and begin and end when they do, remain unanswered. The structural abnormalities of the temporal lobe are relatively stable, yet they exhibit dramatically variable behavior, as characterized by the EEG. For example, during the interictal state, the EEG pattern is described by electroencephalographers as low to medium voltage, "irregular" and "arrhythmic". This contrasts with the "organized", "rhythmic", and self-sustained characteristics of ictal EEG pattern. We have postulated that epileptic brains, being chaotic nonlinear systems, repeatedly make the abrupt transitions into and out of the ictal state because the epileptogenic focus drives them into selforganizing phase transitions from chaos to order. Further, we postulated that the seizure serves to reset the system. Our hypotheses have been supported by the following findings: (1) positive
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Introduction
Epilepsy is among the most common disorders of the nervous system. 1, 2, 3, 4, 5, 6 Estimates of incidence rates (number of new cases per year) range from 24 to 53 per 100,000. While epilepsy occurs in all age groups, the highest incidences occur in infants and in the elderly. 3, 7, 8, 9, 10, 11, 12 Temporal lobe epilepsy is the most common type of epilepsy in adults. 13 In this disorder, seizures usually begin as paroxysmal electrical discharges in the hippocampus. The discharges often spread first to ipsilateral, then to contralateral cerebral cortex. These abnormal discharges result in a variety of intermittent clinical phenomena, including motor, sensory, affective, cognitive, autonomic and psychic symptomatology.
Temporal lobe epilepsy often is resistant to medical therapy. In medically refractory cases, surgical excision of the seizure focus may be effective means of seizure control. In some surgical candidates, intracranial electrographic recordings are obtained for diagnostic purposes from subdural electrodes placed over the frontal and temporal cortex and depth electrodes implanted in the hippocampi bilaterally.
14 Such recordings offer a unique opportunity for research into electrophysiological processes of epileptogenesis in man. An example of the montage of intracranial electrodes used by our group for diagnostic recordings in human epilepsy is shown in Figure 1 .
In human epilepsy of mesial temporal origin, seizures beginning in the hippocampus are often propagated throughout the brain. The temporal cortex, limbic structures and orbitofrontal cortex appear to play a critical role in the onset and spread of these seizures. 14 Most medically intractable complex partial seizures originate from, or are elaborated in the hippocampus. 15, 16, 17, 18 The cellular mechanisms that underlie the seizures of hippocampal origin in humans are not completely understood. However, it has been established that there are characteristic patterns of neuronal loss and dendritic damage associated with alterations in neurotransmitter receptor densities in the epileptogenic hippocampus. 19, 20, 21, 22, 23, 24 The traditional interpretation of these findings is that the epileptogenic hippocampus generates seizures due to a loss of inhibition or an excess of excitation. However, it is our contention that these static changes in neuronal circuitry cannot account for the intermittency of seizures, unless one considers the dynamical impact of these anatomical and biochemical changes. It is likely that the structural changes in the epileptogenic hippocampus disrupt the excitatory and inhibitory feedback circuits normally present in the hippocampus. This, in turn, leads to disturbances in the dynamical behavior of the epileptogenic hippocampus.
The hippocampus is rich in its connections to the temporal and orbitofrontal neocortex, other parts of the limbic system, and the thalamus. Thus, disturbances in hippocampal dynamics can be expected to affect normal cortical regions within the same cerebral hemisphere, as well as contralateral cortical areas. We postulate that the intermit- tent occurrence of seizures results from an abnormality of the dynamical properties of epileptogenic brain as a whole.
A central feature of the epileptogenic hippocampus is the tendency to make abrupt transitions to well organized oscillations, characteristic of a seizure. The electroencephalographic (EEG) correlate of this transition is characterized by the sudden appearance of an ictal discharge pattern out of the ongoing background activity. In the waking state, the ongoing background activity is characterized by a mixture of lower amplitude electrical activity, dominated by irregular waveforms. This background activity contrasts sharply with the ictal EEG discharge, which is a higher amplitude, organized, selfsustained, rhythmic electrical signal. The EEG transition to an ictal discharge is shown in Figure 2 .
For the vast majority of patients, seizures occur in the absence of identifiable external precipitants. Thus, one needs to look to the characteristics of the epileptogenic brain itself to find an explanation for the intermittent occurrence of epileptic seizures. Given the complexity of brain circuitry and that normal as well as abnormal brain circuitry includes a rich representation of excitatory-excitatory and excitatory-inhibitory feedback loops, it is highly likely that the system behaves in a nonlinear fashion. If this is the case, the dynamical features of the epileptic brain may be explained by the theory of nonlinear chaotic systems. Since the inception of our research program in 1988, our working hypothesis has been that seizures represent a state transition in a nonlinear and chaotic system, the epileptogenic brain. We have sought to understand this transition by analysis of the EEG 25, 26, 27 as well as the temporal pattern of seizure occurrences. 28 Our initial analysis of EEG involved signals recorded from subdural electrode arrays in patients with medically intractable temporal lobe epilepsy brain.
25 to 33 Subsequently, we analyzed recordings obtained in patients with intractable temporal lobe epilepsy, utilizing bilateral hippocampal depth electrodes and subdural strips overlying the temporal and orbitofrontal cortex, as well as bilateral scalp electrodes.
to 51
The EEG is a complex signal, the statistical properties of which depend on both time and space. 52 Characteristics of the EEG, such as the existence of limit cycles (alpha activity, ictal activity), instances of bursting behavior (during light sleep), jump phenomena (hysteresis), amplitude dependent frequency behavior (the smaller the amplitude the higher the EEG frequency), and existence of frequency harmonics (e.g., under photic driving conditions) are among the long catalog of typical properties of nonlinear systems. 32, 33, 53, 54 The presence of nonlinearities in the EEG recorded from epileptogenic brain further supports the concept that the epileptogenic brain is a nonlinear system. 34, 50, 51 By applying techniques from nonlinear dynamics, several researchers have provided evidence that the EEG of the epileptic brain is a nonlinear signal with deterministic and perhaps chaotic properties. This topic has been reviewed by Elbert et al. 55 , Iasemidis and Sackellares 38 and Schwartzkroin 56 . The complex nonlinear dynamics of the EEG signal have important implications regarding the techniques to be used for quantitative EEG analysis. Signal processing techniques such as the power spectrum and coherence analysis have limited practical value in the interpretation of EEG recordings performed for diagnostic purposes. 57, 29 Given the strong nonlinearities present in EEG signals from epileptogenic regions of the brain, signal processing techniques that assume a linear signal are likely to be insensitive to important signal characteristics and may not capture the macroscopic behavior over time (dynamics) of the underlying nonlinear system. The standard methods for time series analysis (e.g., linear orthogonal transforms, parametric linear modeling) not only fail to detect the critical features of a time series generated by a nonlinear system, but may falsely suggest that most of the series is random noise. 59 In view of the limitations of traditional signal processing techniques outlined in the preceding paragraph, we have developed EEG signal processing algorithms based upon the theory of nonlinear dynamics. These methods have been described and will not be reiterated in this communication. 29, 32, 33, 34, 45, 49, 50 These new techniques have allowed us to analyze the dynamical properties of EEG signals generated by epileptogenic foci and to compare these properties to those of signals generated by non-epileptogenic hippocampus and neocortex. They also have provided a means to study the repetitive process of dynamical transitions from the interictal (between seizures) to the preictal (prior to a seizure) to the ictal (seizure) to the postictal state (after a seizure). In fact, these studies led us to the discovery of the epileptic preictal state. 31, 32, 33 Based on our studies over the past 11 years we have hypothesized that epileptic brains, like other nonlinear chaotic systems, repeatedly (intermittently) make abrupt transitions into and out of the ictal state. 29, 31, 32, 33, 35, 38, 40, 42, 45 We have proposed that this behavior occurs because the epileptogenic focus drives the epileptic brain into selforganizing phase transitions from chaos to order. We further postulated that the seizure serves as a resetting mechanism from order to chaos. 45, 48 Our hypotheses have been supported by the following findings: 1. positive Lyapunov exponent in EEG signal 2. nonlinearities in interictal EEG generated by the epileptogenic focus 3. existence of a spatiotemporal transition in EEG dynamics (from chaos to order) preceding seizures by minutes to hours to days 4. resetting of spatiotemporal dynamics by the seizure (from order to chaos), leading to the more favorable interictal condition
Positive Lyapunov exponent in the EEG signal
Our initial studies utilized phase-space plots to investigate the dynamics of the EEG generated from an epileptogenic focus in patients with medically intractable seizures. 25, 26, 27, 29, 32 These studies revealed the presence of an attractor with nonlinear characteristics. These attractors were qualitatively different for signals generated during the preictal, ictal and immediate postictal states (see Figure 3 ). When one calculates the largest Lyapunov exponent (L max ) of EEG signal recorded from an electrode site that participates in the ictal EEG discharge, with the method described in Iasemidis et al. 29, 33, 45 , one finds positive values for L max . This method takes into account the nonstationarity of the EEG data. Moreover, the estimated values of L max during the seizure (ictal state) are generally lower than before the onset of the ictal discharge (preictal state) and even lower than immediately after cessation of the ictal discharge (postictal state). A typical example is illustrated in Figure 4 . The finding of positive values for L max has been a consistent finding in all recordings in all patients studied to date. These observations support our working hypothesis regarding the dynamical mechanisms underlying the occurrence of epileptic seizures. Further, they suggest that methods can be developed, using sequential estimates of L max , to detect ictal discharges in the EEG. 
Nonlinearities in interictal EEG generated by the epileptogenic focus
Our group has examined intracranial and scalp EEG recordings, obtained for diagnostic purposes, in patients with medically intractable seizures of mesial temporal origin. Our initial studies analyzed recordings from an array of subdural electrodes. In the first study, a nonlinear extension of an autoregressive model was used to demonstrate the existence of self-sustained nonlinear oscillations in the ictal EEG. 25 In the second study, indices for nonlinear time dependencies and predictability, based on conditional probabilities in the reconstructed phase space, were used to demonstrate the existence of nonlinearities in the preictal and postictal EEG. 34 Subsequently, EEG recordings utilizing bilateral hippocampal depth electrodes and subdural strips were analyzed for the presence of nonlinearities. In this study, the correlation integral, a measure sensitive to a wide variety of nonlinearities, was used for detection of nonlinearities. 50 Statistical significance was determined by comparison of the results to those from surrogate datasets. Statistically significant nonlinearities were present in signals generated by the epileptogenic hippocampus and interictal spike foci in the temporal neocortex. Less prominent nonlinearities were found in EEG signals generated by more normal areas of the brain. An example is shown in Figure 5 . In a subs- equent study, the same technique confirmed the presence of interictal nonlinearities in EEG recordings from additional patients. 51 In addition, a nonlinear prediction algorithm demonstrated recurrent activity near the time of seizure onset. Further evidence for nonlinearities in the EEG were demonstrated using residual delay maps. Taken together, these investigations provide multiple lines of evidence for the presence of nonlinearities in interictal EEG signals generated by epileptogenic foci. These findings also indicate that the dynamical characteristics of the interictal EEG signal may be useful for identifying electrodes overlying an epileptogenic focus. Thus, it may be possible to develop more efficient and accurate methods, based on nonlinear dynamics, for presurgical localization of an epileptogenic focus. dynamics of invasive electrographic recordings in patients with medically intractable temporal lobe epilepsy, our group discovered and characterized a preictal transition process. Our initial observation indicating the existence of a preictal transition process was the occurrence of transient drops in the value of L max for several minutes prior to the onset of an epileptic seizure (see Figure 4 and Iasemidis et al. 33 ). Subsequently, we found that the most remarkable feature of the preictal period was the transition from a state of spatiotemporal chaos to a state of spatial order (dynamical entrainment among electrode sites) and reduced temporal chaos (drops in L max values at electrode sites). 31 The onset of this transition precedes the seizure for periods ranging from minutes to hours. In particular, the preictal dynamical transition is characterized by: 2. progressive convergence of the mean L max values among specific anatomical areas (mean value entrainment) 3. progressive phase locking of the L max profiles among various electrode sites (phase entrainment). When the difference in mean Lmax values between the two profiles, for a given 5 minute epoch, is not statistically significant different from zero (with a t-test between the means at 5% significance and 29 degrees of freedom), the profiles are considered to be mean value entrained for this epoch and the graph shows a value of 1. When the differences are statistically not zero, a value of 0 is shown on the graph. Note that there are brief periods of value entrainment beginning approximately 27 minutes into the recording (point A in Figure 6 (b)). After approximately 37 minutes into the recording, the two electrode sites remain value entrained until the seizure occurs 60 minutes into the record. Postictally, the 2 electrode sites are disentrained.
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Although preictal entrainment of EEG dynamics among electrode sites can usually be detected by visual inspection of L max versus time plots, we have developed statistical methods that provide objective criteria for dynamical entrainment among electrode pairs. Based on these findings, we have developed a procedure for automatic detection of the preictal state and prediction of impending seizures. 44, 45 An example of the preictal entrainment of L max among critical electrode sites is provided in Figure 6 . In this example, L max values of the epileptogenic mesial temporal focus (electrode RST3) and the contralateral orbitofrontal cortex (LOF4) are entrained approximately 20 minutes prior to the seizure. This preictal entrainment process occurred between other critical electrode pairs. Typically, the number and the strength of the coupling of entrained electrode sites increases as the time to seizure onset approaches. A brief description of a quantitative statistical approach to detection of the preictal state follows. In this approach, average values for L max are computed for sequential epochs of the EEG. For each pair of interest, at each point in time, a T-index (absolute value of the difference in means, divided by the standard deviation) is computed. An electrode pair is considered to be statistically significant entrained at the α=0.05 level when the value of the T-index falls below the critical value T c =2.045 for the window length used to estimate the mean L max ). Similarly, an average T-index over many critical pairs can be used to track the entrainment of multiple pairs (see Figure 7) . For any given patient, specific electrode pairs are entrained prior to the onset of each seizure. By tracking the average T-index for these critical electrode pairs, the conditions for an impending seizure can be detected when the average T-index falls below a critical value, indicating that, on average, all of the critical electrode pairs have become entrained. Figure 7 . Analysis of an 18 hour continuous intracranial EEG recording from a patient with left temporal lobe epilepsy. Electrode pairs that entrained prior to the first seizure were used to predict the subsequent 5 seizures. For these pairs, the average T-index was calculated over a 5-minute moving window. Note that the average Tindex falls prior to each seizure (indicating electrode sites becoming entrained with respect to Lmax, but it is reset to a higher value after each seizure (indicating postictal disentrainment). Values of 2.045 or lower indicate that, on average, the Lmax values for the critical electrode pairs were not significantly different at the α = 0.05 level. This pattern repeats itself for each of the 6 seizures. This indicates that the values of the average T-index may be used to warn for impending seizures well in advance, ranging from 14 minutes for seizure 2 to 233 minutes for seizure 6). Figure 7 was generated by calculating the average T-index for several electrode pairs over a 16 hour period. During that time, the patient experienced 6 seizures. In Figure 7 , one can see, by the drop in the value of the average T-index, that the critical electrode pairs become entrained prior to each of the 6 seizures (seizures are denoted by dotted vertical lines). A rise in the value of the average T-index occurs after each seizure, indicating disentrainment after a seizure (see section 5). With each seizure, this process is repeated.
In Figure 8 , we present the preictal entrainment and postictal disentrainment in a patient for whom scalp and intracranial EEG recordings were performed simoultaneously (see also Iasemidis et al. 36, 39 ). The recording was performed continuously for a period of over 50 hours. Approximately 30 hours into the recording, the first of 4 complex partial Figure 8(a) . This profile reflects the relationship in the Lmax between the same scalp electrode overlying the focus (MN02) and one overlying the contralateral temporal lobe (F7). This electrode pair became entrained long before the first seizure. Following the first seizure, the pair became disentrained and remained so throughout the remaining of the recording.
seizures of right mesial temporal origin occurred. Figure 8(a) shows the T-index as a function of time for a right sphenoidal and a right parietal scalp electrode. Although this T-value remains above the critical value (T c =2.045) for the whole period prior to seizure 1, a trend of progressive decline of T with transient drops below T c during this period is clear. This electrode pair first became entrained (T<2.045) approximately 2 hours prior to seizure 2 and remained entrained, with transient postictal disentrainments, up to 6 hours after the last seizure of the cluster. Only then, the T-index slowly returned to high values.
The T-index profile between the same right sphenoidal electrode as before and a left frontal scalp electrode for the same recording is shown in Figure 8(b) . The T-values of this pair became critical approximately 10 hours into the recording and remained critical for about 20 hours prior to seizure 1. However, a seizure did not occur in this period since entrainment was not present in a sufficient number of cortical sites (Iasemidis et al. 37 ). After the first seizure, this pair is reset and remains disentrained through the rest of the record. However, the resetting effect of each of the 3 subsequent seizures for this pair is prominent, forcing T to successively higher values in the postictal periods. It is of extreme importance to note here that the cluster of seizures ended only when all critical sites were disentrained by the seizures (the next cluster of seizures occurred 3 days later!). These results, generated without any special pre-filtering of the raw scalp EEG data, indicate that an adaptive selection and proper combination of critical electrode pairs over time can lead to long-term prediction of epileptic seizures from scalp recordings. Seizures arising from the orbitofrontal cortex can generate ictal discharges in scalp EEG recordings that resemble those of seizures of mesial temporal origin. Therefore, in cases where an orbitofrontal origin is suspected, intracranial recordings are required. In our laboratory, we utilize a combination of bilateral hippocampal, orbitofrontal and subtemporal electrodes for these cases (see Figure 1) . Thus, we have had the opportunity of recording seizures of orbitofrontal origin utilizing the same electrodes as those we have used in temporal lobe seizures. This allowed us to investigate the dynamical mechanisms involved in the occurrence of orbitofrontal seizures. An example of an orbitofrontal seizure onset is shown in Figure 9 . Figure 10 illustrates the average T-index of 4 critical pairs as a function of time for a 5-hour recording obtained in the same patient for whom the ictal onset of the first seizure is shown in Figure 9 . A preictal drop and postictal resetting can be seen with each of the two seizures shown. These findings indicate that the dynamical mechanisms that occur in mesial temporal epilepsy also occur in seizures of cortical onset (see also Iasemidis et al. 40 ). Recently, we have investigated the spatiotemporal dynamics of continuous intracranial and scalp EEG recordings on a time scale of days. These studies indicate that brain dynamics on seizure-free days differ markedly from the dynamics present on days when seizures occur. Most interestingly, there is a gradual spatial entrainment among critical cortical sites that evolves over days preceding the first seizure of a series.
In Figure 11 , the T-indices for two pairs of electrode sites were calculated over a 10-day period. During the first 135 hours, the patient was seizure-free. Over the subsequent 90 hours the patient experienced 24 seizures. However, as Figure 11(a) shows, the Tindex of a pair of bilateral hippocampal electrodes falls below the T c value, indicating that these electrodes became entrained very early, approximately one day into the recording. They remained mostly entrained until the first seizure occurred (that is, almost 4 days later) after which their T-value was reset. This indicates that there is a change in the Figure 11 . Preictal transition in a very long-term (10 days) continuous intracranial EEG recording in a patient with right temporal lobe epilepsy. Twenty-four seizures, denoted by the arrows, occurred during the last 4 days of the recording. In the upper plot (a), the T-index shows the relationship of Lmax between an epileptogenic hippocampal electrode (RTD3) and the homologous contralateral site (LTD3). This electrode pair was entrained (T-index below critical value Tc = 2.045) for several days prior to the first seizure and was disentrained thereafter. Each seizure is preceded by a drop in the T-index below the Tc value, not detectable on this time scale. In the lower plot (b), the same electrode in the epileptogenic focus (RTD3) is compared with a contralateral subtemporal electrode site (LST4). For this electrode pair, there is a progression towards entrainment until the first seizure, after which the pair is disentrained (see text for details).
dynamical state of the patient several days prior to the onset of this series of seizures. Each seizure is preceded by a drop in the T-index below the T c value, not detectable on this time scale. Note that, after each seizure, the mean value of the T-index is pushed higher and higher. This again suggests that seizures continued to occur until sufficient disentrainment (resetting) was achieved. Figure 11(b) shows the T-index between the focal electrode RTD3 and a contralateral subtemporal electrode (LST4). For this electrode pair, dynamical entrainment occurred more gradually, falling to critical values after the third day of the recording. After the onset of seizures, the resetting effect described in Figure 11 (a), also occurs for this electrode pair.
These very long-term findings, on the order of days, illustrated in Figure 11 , in conjunction with the long-term patterns, on the order of minutes to hours, described in the preceding paragraphs, are reminiscent of self-similar patterns, occurring at different time scales in fractal systems. The practical implications of these findings for epileptic patients are that it may be possible to predict seizures days in advance, determine whether a therapeutic intervention has been effective, as well as detect and warn of seizure susceptibility periods (see Sackellares et al. 49 ). The above observations indicate that it is possible to design a seizure warning system, based on continuous analysis of L max values of critical electrode pairs. Such systems could have numerous practical applications. For example, they could be used to alert nursing and medical staff that a patient undergoing diagnostic EEG monitoring is about to have a seizure. This information would allow the staff to take safety measures and to be around to interact with the patient during the seizure.
Another potential application is the performance of ictal functional imaging such as single photon emission tomography (SPECT) scans or positron emission tomography (PET) scans. The epileptogenic focus experiences a large increase in local cerebral blood flow and glucose metabolism during a seizure. Thus, timely intravenous injection of an appropriate radioligand is used to generate an image depicting the epileptogenic focus. This information is used, in conjunction with EEG data, for presurgical localization of the epileptogenic focus. The use of a seizure warning device, based upon dynamical analysis of EEG signals, could be used to improve the timing of radioligand injection, thus improving the accuracy and reliability of these ictal imaging procedures.
Finally, in the future, it may be possible to design implantable devices that could detect conditions for an impending seizure in time to trigger a therapeutic intervention. Such a device could trigger the release of an anticonvulsant drug from an implanted resevoir or activate an electrical stimulus to the vagus nerve or the brain itself. Based on the theory of nonlinear dynamical systems, a small pertubation of the system (either pharmacological or electrical) delivered at a critical time point, could be sufficient to reset the system, thus aborting the impending seizure. Such devices might offer a means to control seizures in patients who are not candidates for surgical removal of the epileptogenic focus, or for those patients who do not wish to undergo the risks associated with a lobectomy or corticectomy.
Resetting of spatiotemporal dynamics by the seizure: from order to chaos
Once the entrainment process involves critical electrode sites in the hippocampus and neocortex, the seizure occurs. 37 The seizure is characterized by entrainment of L max values among all electrode sites that participate in the ictal discharge. In the case of most complex partial and secondarily generalized seizures, all recording sites are eventually recruited into the ictal discharge (see Figure 2) . In contrast, most of the electrodes that became entrained during the preictal transition are disentrained during the postictal period. This phenomenon is easily seen to occur in the pair of critical electrode sites depicted in Figure 6 . In this figure, we can see that L max values for the electrode overlying the epileptogenic focus (RST3) are lower than the values of the contralateral orbitofrontal site (LOF4) for the first 40 minutes of the record, after which their values are entrained. Following the seizure, the values of L max of these two sites diverge. Interestingly, the values are reset to values higher than during the preictal transition. However, note that they are reset to the same relative position that they were in prior to the preictal entrainment (lower L max values for the focal RST3). This postictal resetting is typical for the critical electrodes that are entrained during the preictal transition. The same resetting phenomenon can be seen postictally in Figures 7, 8, 10, 11 . For example, in Figure 7 , there is a drop in the average T-index prior to each of the 6 recorded seizures. However, note that the value of the average T-index increases after each seizure, indicating that the dynamics of the system have been reset by the seizure itself.
The above observations constitute additional support for the working model of the dynamical processes underlying the occurrence of epileptic seizures that we proposed in 1991 (Iasemidis et al. 32, 33 ). In this model, the temporal behavior of L max is modeled by a modified "cusp catastrophe" model 60, 61 , 62 . In this model, a sudden change occurs when the system, by a suitable change in its parameters, enters the local cusp singularity of the folded surface (S). We reproduce that original model in Figure 12 . The reasoning behind the construction of that figure was the following:
(a) Interictally, the system is within the basin of attraction of O 1 , a spiral attractor (saddle of type 2). Intermittently, there are attempts of the system to move away from O 1 Therefore, the repellor should be at least two-dimensional, that is, we need at least a two-dimensional domain for its basin of repulsion (two-dimensional surface S2). By convention, the semi-surface (S1) is drawn to correspond to large values of L max , while (S2) is drawn to correspond to small ones.
(c) Ictally, since a phase transition occurs, there must be at least one singularity on the surface (S). The simplest two-dimensional singularity is the "cusp-catastrophe" (in the one-dimensional case the surface (S) corresponds to the known sigmoid curve of a relaxation oscillator). The ictal transition is represented by the route E F.
(d) Postictally, the route of the system is represented by the line F→ G→ H, which eventually leads the system back to O 1 . However, in the beginning of the postictal period, when the system is in the neighborhood of H, it may come under the influence of O 2 . In this case, the system may re-enter the ictal state (this situation is reminiscent of "status epilepticus"). Therefore, it is conjectured that the position of the system at H is a key position either for a reentry to a seizure (moving directly from the postictal to the preictal state), or avoiding a seizure (moving from the preictal to the interictal state).
The transition of the system from the interictal state to the preictal state, that is the route from O 1 to O 3 to O 2 , triggers the series of the events described above. Our reseach to date indicates that this transition may correspond to the entrainment of the L max 's at the focal sites with a parallel progressive recruitment of the other nonfocal sites. It is conjectured that if the route O 3 →O 2 is disrupted, the seizure will not take place. A future step towards improvement of this model is to consider O 1 and O 2 as chaotic attractors. 63 The existence of homoclinic orbits in Figure 12 makes the family of Shilnikov attractors a reasonable choice for such an endeavor. 64, 65, 66 More recently, other authors have come to similar conclusions via a different route. 67 
Conclusions
With all scientific theories, it is possible to design experiments to disprove them, but it is not possible to design an experiment to prove definitively that they are true. Clearly this is the case with the theory that epileptic seizures are due to nonlinear chaotic processes and that they represent instances of failure of spatiotemporal chaos in the brain. Nonetheless, each of the observations we have made during 11 years of research into the dynamical properties of EEG recordings in patients with epilepsy supports this theory. This theory strongly suggests that the mechanisms underlying epileptic seizures cannot be fully understood through investigation of the synaptic transmission, neuronal physiology, neurotransmitter receptors, or ion channels. Rather, the results of these studies will have
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Aside from the scientific implications, there are numerous practical issues that stem from these observations. For example, it seems apparent that novel signal processing techniques designed to detect the nonlinear characteristics of the EEG signal may offer diagnostic breakthroughs that are not possible with more traditional techniques. These traditional techniques usually assume linearity and stationarity of the signal. Neither of the assumptions is justified. Evidence to date indicates that the dynamical properties of the epileptogenic focus differ significantly from non-epileptogenic hippocampus and neocortex. Thus, it may be possible to use novel nonlinear techniques of signal processing to identify and localize epileptogenic foci. 30, 41, 43 The practical implications of being able to detect the conditions necessary for the occurrence of a seizure already have been outlined in our early work. 31, 32 The significance of this finding has been emphasized in the literature. 55, 56 Our initial conclusion that dynamical analysis of the EEG "…can identify systematic changes in the preictal EEG activity and that this information can be used to predict the impending seizures and/or for focus localization" 31 has been subsequently confirmed by other groups. 68, 69, 70, 71, 72, 73 It is now clear that it may be possible to predict seizures with sufficient sensitivity and specificity for clinical applications. However, further research will be required before we know how and when to perturb the system in order to obtain optimal seizure control with these techniques.
